Ascorbic acid is an important vitamin which participates in a great variety of biological events concerning electron-transport reactions, hydroxylations, the oxidative catabolism of aromatic amino acids and so on. The determination of ascorbic acid (AA) has gained increased significance in pharmaceutic, clinical and food applications. Numerous papers and reviews 1-3 have described the determination of AA. The methods used include titrimetric, spectrophotometric, fluorometric, electrochemical, chromatographic, kinetic and chemiluminescence procedures.
Introduction
Ascorbic acid is an important vitamin which participates in a great variety of biological events concerning electron-transport reactions, hydroxylations, the oxidative catabolism of aromatic amino acids and so on. The determination of ascorbic acid (AA) has gained increased significance in pharmaceutic, clinical and food applications. Numerous papers and reviews [1] [2] [3] have described the determination of AA. The methods used include titrimetric, spectrophotometric, fluorometric, electrochemical, chromatographic, kinetic and chemiluminescence procedures.
Enzymatic assays have considerable advantages over the traditional analytical procedures because of their rapidity and high selectivity. 4 The growing interest in enzymatic methods for the determination of AA has been demonstrated in reports in which ascorbic acid oxidase (EC 1.11.1.17) or peroxidase (EC 1.10.3.3) was used. In the ascorbic acid oxidase-based determination, 5 AA was oxidized with oxygen catalyzed by the enzyme.
In the peroxidase-catalyzed method, 6 the determination was based on the interference of AA with the peroxidase-catalyzed reaction. 7 Besides, Huang et al. 8 carried out a laccase (EC 1.10.3.2)-based micellar enhanced spectrofluorometric determination of ascorbic acid.
However, many enzymes are expensive and unstable. Chemists and biologists have often attempted to mimic the biological properties of such natural systems. As we know, the heme iron acts as an activity center of horseradish peroxidase (HRP), which was used by Zhu et al. 9 to determine AA. It was based on the interference of AA on the peroxidase activity. Other workers 10 introduced some synthesized metalloporphyin to act as substitutes for HRP, which were also applied to an enzymatic assay for AA. However, simple natural or synthetic metalloporphyrins do not show satisfactory activity and selectivity because they lack the spatial structure of a natural enzyme, which is essential for the special inclusion behavior between the enzyme and the substrate. Hemoglobin (Hb), a necessary vehicle for oxygen carriage in the body, has the natural quaternary structure as enzymes. It contains four subunits of polypeptide, and each polypeptide chain contains a heme group that may be able to serve as the active center. Encouraged by reports on studies of peroxidase substitutes and the natural spatial structure of Hb, as well as its cheaper price, we expected Hb to be a mimic enzyme for HRP. Up to the present, there has been no report on the application of Hb to the analysis AA.
In this work, based on the Hb-catalyzed reaction, we found that a small amount of AA could strongly enhance both the fluorescence intensity and reaction rate. What is more, there is a good linearity between the fluorescent intensity change and the amount of AA at low concentration. Thus, a highly sensitive spectrofluorometry for AA was established.
Experimental

Reagents
Unless stated otherwise, deionized and distilled water was used throughout. p-Cresol (Aldrich) was 99% pure; a stock solution was prepared by mixing 0.15 mL of p-cresol with 99.85 ml of water, which was diluted to 1.0 × 10 -3 M during the experiments. Hydrogen peroxide solutions were prepared by appropriate dilution of a 30% solution with water and standardized by titration with KMnO4. A hemoglobin (bovine erythrocytes) solution was prepared by dissolving a certain amount of Hb (Shanghai Institute of Biochem., Shanghai, China) in deionized and distilled water and stored at 4˚C. Ascorbic acid (analytical-reagent grade) was prepared as aqueous solutions just before use. All other chemicals were of analytical-reagent grade.
Apparatus
Fluorometric detection was carried out on an RF-5301 PC spectrofluorometer (Shimadzu).
The temperature was controlled by using a TB-85 thermostat bath (Shimadzu), and the pH value was measured with a PHS-3C Precision pH meter.
Procedures
To a 25 ml measuring flask, 0.10 ml of 1.0 × 10 -3 M H2O2, 1.5 ml of 1.0 × 10 -3 M p-cresol, 6.0 ml of the buffer solution (pH 10.4) containing 5.0 M NH3-NH4Cl, a sample solution containing 9 × 10 -10 M AA, and 0.5 ml of 1.0 × 10 -5 M Hb were added. The solution was diluted with water up to the mark before shaking. After placing the flask in a thermostated water bath (25˚C) for 10 min, the relative fluorescence intensity (FI) of the system (blank (F0) and sample (F)) were measured at an excitation wavelength of 318.0 nm and an emission wavelength of 422.0 nm. Then, the value of ∆FI = F -F0 was calculated.
A vitamin C tablet and injection samples were analyzed for AA content by the proposed method. Twenty tablets were weighed, and the average weight of a tablet was calculated before being ground into a fine powder. A portion of the powder, equivalent to the average weight of a tablet, was dissolved in water and filtered before making a volume of 250 ml. The injection sample was also diluted to adjust the concentration of AA appropriately.
Results and Discussion
Optimization of experimental conditions
Having tried several kinds of buffer solutions with pH 10.0 -10.6, such as 1.2 M NH3-NH4Cl, 2.4 × 10 -2 M NH3-NH4Cl, borax-Na2CO3, HCl-Na2CO3, and glycin-NaOH, it is found that AA only inhibits the reaction in 2.4 × 10 -2 M NH3-NH4Cl, HCl-Na2CO3 and glycin-NaOH buffers. In borax-NaOH, the reaction does not occur. Only in 1.2 M NH3-NH4Cl buffer, does AA have the strongest activating effect.
Thus, 1.2 M NH3-NH4Cl buffer was chosen as the reaction medium.
The pH dependence of ∆FI was investigated over the pH range 9.2 -10.9 using a 1.2 M NH3-NH4Cl buffer solution. The data are given in Fig. 1 . Because ∆FI is quite large at pH 10.2 -10.6, pH 10.4 was selected for subsequence experiments.
The influence of p-cresol concentration on ∆FI was studied in the range of 8.0 × 10 -6 -8.8 × 10 -5 M. The amount of p-cresol must be sufficient to react with the H2O2. On the other hand, an excessively large concentration of the reagent is detrimental, because it contributes to the blank fluorescence, 11 which causes ∆FI to decrease with increasing p-cresol. Thus, 6.0 × 10 -5 M pcresol was used during the experiments.
The effect of the Hb concentration on the relative FI was studied over the range of 4.0 × 10 -8 -8.0 × 10 -7 M. Although the relative FI increased with the Hb concentration over a certain range, a too high concentration resulted in an increase of the blank FI, also, the decrease in the reproducibility of the signal (the relative standard deviation for 11 determinations was greater than 7.0% when the Hb concentration was higher than 1.5 × 10 -7 M), though ∆FI still increased. In order to ensure the sensitivity as well as the reproducibility, 1.2 × 10 -7 M Hb was recommended in the determination.
Influence of the time and temperature on the system
The time dependence of the reactions in the presence of different amounts of AA was studied in 1.2 and 2.4 × 10 -2 M NH3-NH4Cl (pH 10.4) buffer solutions. The relative FI was measured every 0.06 s over the first 10 min of the reaction, as shown in Fig. 2 .
From Fig. 2(1) , we can see that the reaction rate of curves A, B, and C is lower than that of curves D, E, and F, which show that a certain range of AA concentration will give a high reaction rate. However, a high concentration of AA produces a lag phase in the reaction curve (curve G), the extent of which depends on the concentration of AA. When the concentration of AA is higher than 6.4 × 10 -5 M, the reaction has been entirely inhibited. The inhibition of AA may be due to the deoxidization of H2O2. From the time course in Fig. 2(1) , we can see that the reaction can reach its equilibrium after about 8 min. Therefore,
978
ANALYTICAL SCIENCES SEPTEMBER 2002, VOL. 18 the measurement was carried out after 10 min. The influence of the temperature on ∆FI was also studied in the range of 20 -55˚C. Because a too high temperature would denature Hb and arise the decomposition of H2O2, 25˚C was chosen as the experimental temperature.
Interferences
The influence of common ions and organic compounds on the determination of 2.7 × 10 -8 M AA was investigated. If the relative FI changed by > 5%, the added substance was considered to have caused interference. The results are given in Table 1 .
Analytical characteristics
A The detection limit, calculated according to the three Sd/k criteria, in which "k" is the slope over the range of linearity used and "Sd" is the standard deviation (n = 11) of the signal from the blank, is found to be 3.0 × 10 -10 M. The reproducibility of the system was tested by measurements on 7.0 × 10 -9 M (n = 11). The relative standard deviation is 1.6%.
Fluorescence spectral characteristics
It was known that AA could act as an inhibitor in the peroxidase-catalyzed reaction, based on which AA was determined. 6, 9 However, in this redox reaction between H2O2 and p-cresol catalyzed by Hb, different amounts of AA had contrasting effects (activation or inhibition) on this reaction. The 3D fluorescence spectra of the products are shown in Fig. 3 . It is noted that both in the presence of AA and the absence of AA, the 3D fluorescence spectral shapes of the products are similar. The only and remarkable difference between these three is the size of peaks. The addition of AA, no matter how little or how much, did not result in any new fluorescent products. AA simply enhanced the FI of the product linearly at very low concentration.
Study of the orders of reagent addition
The effect of different orders of reagent addition on the FI of the reaction product was studied. We then discussed the possible mechanism of the enzyme reaction. Table 1 Effect of foreign species on the determination of AA a. The tolerance ratio is mole ratio. It can be seen from Table 2 that the highest FI appears when AA is added later than the substrate and the buffer. This is explained in that such a sequence resulted in the least oxidation of AA by H2O2, as well as the most activating effect of AA on the redox reaction. In addition, we tried two more sequences, where AA or p-cresol was added 10 min later than the other reagents. As shown in Table 2 , if AA had reacted along with H2O2 for 10 min before p-cresol was added, the FI of the product would be extremely low, which may be due to the oxidation of AA by H2O2. Otherwise, if p-cresol had reacted with H2O2 for 10 min before the addition of AA, the FI would be slightly larger than the blank (FI = 70.3), which shows that AA has an activation role in this reaction system. Thus, it is concluded that the activating effect does not rise from an interaction between AA and the fluorescent product.
In this reaction, p-cresol is oxidized by H2O2 to produce the fluorescence product. Hb catalyzes the reaction between pcresol and H2O2. A small amount of AA would enhance this reaction. The results in Table 2 also show that this reaction cannot occur if one of three substances (H2O2, p-cresol, and Hb) is absent.
Influence of the ammonia concentration
In order to study the influence of the ammonia concentration, we also studied 2.4 × 10 -2 M NH3-NH4Cl (pH 10.4) buffer solutions. From Fig. 2(2) it is found that AA only inhibits the reaction in this buffer. The inhibition phenomenon is similar in both 2.4 × 10 -2 and 1.2 M NH3-NH4Cl buffer solutions. It would take more time for the reaction to reach its equilibrium in 2.4 × 10 -2 M NH3-NH4Cl (pH 10.4) buffer solutions; i.e. in Fig.  2 (2) the rate of reaction is slower than that in Fig. 2(1 In order to clarify this idea, we further studied the influence of different concentrations of NH3 as a buffer solution. As shown by Table 3 , the role of AA in both buffers is identical. The only similarity in both buffers is the concentration of NH3.
We can deduce that the activation of AA was enhanced by ammonia.
Along with the increase in the ammonia concentration, the AA concentration range that has an activating effect is enlarged.
In all, the activation of AA is dependent not only on the pH, but also on the specific buffer used. It can been seen from the experimental results that the 1.2 M NH3-NH4Cl (pH 10.4) buffer is the best, which can be explained from the importance of nitrogenous ligands in promoting an activating effect of AA. 12 
Applications
The application of this method was assayed by the determination of AA in vitamin C (Vc) tablets and Vc injection samples. The samples were also determined by iodimetry. As listed in Table 4 , no marked difference was found in the results for both of the methods.
Conclusion
In this work, we proposed a novel spectrofluorometric method for the determination of ascorbic acid, and applied it to real samples. A possible mechanism for the reaction has also been discussed. Table 4 Determination results of AA in vitamin C tablets and injection samples a. Average of five determinations.
